The tolerance patterns, expressed as MICs, for 250 moderately halophilic eubacteria to 10 heavy metals were surveyed by using an agar dilution method. The moderate halophiles tested included 12 culture collection strains and fresh isolates representative of Deleya halophila (37 strains), Acinetobacter sp. (24 strains), Flavobacterium sp. (28 strains), and 149 moderately halophilic gram-positive cocci included in the genera Marinococcus, Sporosarcina, Micrococcus, and Staphylococcus. On the basis of the MICs, the collection strains showed, overall, similar responses to silver, cobalt, mercury, nickel, lead, and zinc. All were sensitive to silver, mercury, and zinc and tolerant of lead. The response to arsenate, cadmium, chromium, and copper was very heterogeneous. The metal susceptibility levels of the 238 freshly isolated strains were, in general, very heterogeneous among the four taxonomic groups as well as within the strains included in each group. The highest toxicities were found with mercury, silver, and zinc, while arsenate showed the lowest activity. All these strains were tolerant of nickel, lead, and chromium and sensitive to silver and mercury. Acinetobacter sp. strains were the most heavy-metal tolerant, with the majority of them showing tolerance of eight different metal ions. In contrast, Flavobacterium sp. strains were the most metal sensitive. The influence of salinity and yeast extract concentrations of the culture medium on the toxicity of the heavy metals tested for some representative strains was also studied. Lowering the salinity, in general, led to enhanced sensitivity to cadmium and, in some cases, to cobalt and copper. However, increasing the salinity resulted in only a slight decrease in the cadmium, copper, and nickel toxicities. Reduction in the yeast extract concentration resulted in an increased sensitivity to all metals, especially when this component was lowered to 0.01% (wt/vol). In contrast, a higher concentration only slightly lessened the toxicities of nickel and zinc.
Microorganisms can be classified into different categories on the basis of their optimal growth rates at different salinities. Kushner (9) has suggested the following groupings: (i) nonhalophilic microorganisms, with optimal growth in media containing less than 0.2 M salt; those which can tolerate high concentrations of salts are called halotolerant; (ii) slight halophiles, which grow best in media containing 0.2 to 0.5 M salt; (iii) moderate halophiles, which grow optimally in media containing 0.5 to 2.5 M salt; (iv) borderline extreme halophiles, which grow best in media with 1.5 to 4.0 M salt; and (v) extreme halophiles, which grow best in media containing 2.5 to 5.2 M (saturated) salt. Besides the extreme halophiles, the moderate halophiles are the most important group of microorganisms adapted to live in hypersaline habitats and constitute a very heterogeneous group which includes a great variety of bacteria. Moderately halophilic bacteria include mainly eubacteria (21) , although some archaebacteria have been recently reported (11, 13, 25) .
The majority of studies concerning this group of microorganisms have been focused on their physiology and taxonomy, and with respect to the former, these have been referred almost exclusively to one representative, Vibrio costicola (10) , classically isolated from cured meats (19) and more recently found also in hypersaline waters (22) and soils (8) .
Very few studies on interactions of moderate halophiles with heavy metals have been reported (7, 12) . Such information might be desirable, as some of these metal-resistant halophilic bacteria could be used as bioassay indicator organisms in saline aquatic polluted environments (20) . * Corresponding author.
In the present study, we report for the first time the natural metal tolerance levels of a large number of moderately halophilic eubacteria, including both culture collection strains and freshly isolated strains representing a very heterogeneous group of moderate halophiles. An additional aim of this study was to investigate the possible influence of different compositions of the test medium on the bacterial responses to the heavy metals tested.
MATERIALS AND METHODS
Microorganisms and growth conditions. A total of 250 moderately halophilic bacterial strains were examined, 12 from culture collections (Table 1) and 238 from solar salterns and hypersaline soils located in Cadiz, Huelva, Alicante, Mallorca, and the Canary Islands (Spain). The was as follows (grams per liter): NaCl, 81; MgCl2, 7; MgSO4, 9.6; CaCl2, 0.36; KCl, 2; NaHCO3, 0.06; NaBr, 0.026 (22) .
However, other concentrations of salts and yeast extract were also used in experiments in which we studied the effect of different salinity and nutrients of the medium on the bacterial susceptibility to the metals tested. The pH of all Heavy-metal toxicity testing. For the determination of tolerance to heavy metals, an agar dilution method (23) with a multiple inoculator system (Don Whitley Scientific Ltd., West Yorkshire, United Kingdom) was chosen. Tubes containing 20 ml of melted standard SW-10 yeast extract agar and different concentrations of metal were poured onto plates on the day of the experiment. The range of concentrations for all heavy metals tested, similar to the one previously used in studies on metal tolerance of eubacteria (7, 17, 20) Plates were read after incubation at 37°C for 2 days. The lowest concentration of metal that completely prevented growth was termed the MIC. The MICs for all strains were the same when tested in four different experiments.
On the other hand, it is well-known that unlike antibiotic resistance, which is evaluated with therapeutic doses, there are no standard acceptable metal concentrations used by all researchers to specify metal resistance. Indeed, metal salts and microbiological medium components can interact in ways which make data interpretation difficult. For this purpose, we chose those concentrations that have been employed in testing media containing yeast extract in previous studies carried out with eubacteria (7, 17, 20) . Thus, those strains which were not inhibited by 10 mM As, 1 mM Ag, Cd, Co, Cr, Cu, Ni, Pb, and Zn, and 0.1 mM Hg were considered tolerant.
RESULTS
Response to heavy metals. The tolerance levels of the aerobic, heterotrophic, moderately halophilic species available from culture collections to the 10 heavy metals tested, expressed as MICs, are shown in Table 1 . On the basis of the MICs, these 12 strains showed similar susceptibilities to silver, cobalt, mercury, nickel, lead, and zinc ions, except Marinococcus albus CCM 3517, for which the MICs of cobalt, chromium, nickel, and zinc were the lowest of all collection strains. On the contrary, the response to arsenate, cadmium, chromium, and copper was very heterogeneous. All these collection strains were sensitive to silver, mercury, and zinc. Only two strains (Halomonas elongata ATCC 33173 and "Pseudomonas halosaccharolytica" CCM 2851) were tolerant of arsenate, and only three strains (Flavobacterium halmephilum CCM 2831, Halomonas elongata ATCC 33173, and Halomonas subglaciescola UQM 2926) were tolerant of cadmium. Indeed, the two latter strains showed the highest tolerance of cadmium of all collection strains. On the other hand, all strains demonstrated tolerance of lead, and the majority of them were also tolerant of nickel (11 strains) and chromium (9 strains). Otherwise, only six strains were tolerant of copper and only five were tolerant of cobalt.
In Fig. 1 are shown the susceptibility levels of the 238 freshly isolated strains of moderately halophilic bacteria (included in the four different groupings) expressed as percentages of strains for which the MICs of the 10 heavy metals tested in this study were the same. Overall, the response was very heterogeneous among the four different groupings as well as within the strains belonging to the same group, with the following exceptions: D. halophila and moderately halophilic cocci, for silver; Acinetobacter sp. and D. halophila, for arsenate; D. halophila, for cobalt; Flavobacterium sp. and moderately halophilic cocci, for nickel; D. halophila, for lead; and Flavobacterium sp. and moderately halophilic cocci, for zinc. In contrast, the response to mercury was very homogeneous except for the group of cocci.
The percentages of tolerance for the 238 strains at the standard levels of the 10 heavy metals tested are presented in Table 2 . All strains demonstrated tolerance of nickel, and a great fraction of them were also tolerant of lead and chro- mium (more than 65% of strains for this latter metal), while none were tolerant of silver or mercury. However, the frequencies of tolerance of the other five heavy metals were quite variable.
Influence of salinity and composition of test medium on toxicity of metals to moderate halophiles. Tables 3 and 4 show that varying the salinity and yeast extract concentration of the medium affected the sensitivity of some bacteria to heavy metals. All strains shown were more sensitive to cadmium at lower salinity (SW-7), and many were more sensitive to cobalt and copper. Raising the salinity did not, in general, increase metal tolerance; lowering the yeast extract concentration increased the sensitivity of all strains to all metals tested. A partial reduction in the toxicities of these five metals was observed when the concentration of yeast extract was raised.
DISCUSSION
Moderately halophilic eubacteria compose a heterogeneous group of microorganisms able to grow in a very wide range of salt concentrations (10), including hypersaline habitats (18) . Most studies have been concerned with a few species, mainly V. costicola (10) , and with knowledge of the ecology or physiology of moderate halophiles. We began metal resistance studies on moderate halophiles to determine the possible ecologic role of this group in heavy-metal biotransformations in natural environments.
For this purpose, we surveyed 250 strains of moderate halophiles for their natural patterns of heavy-metal tolerance. The behavior of these strains was not homogeneous with respect to all metals tested, even within the strains belonging to the same genus.
For both the 12 culture collection strains and the 238 fresh isolates, responses to the heavy metals tested were very heterogeneous, since at least three different MICs were detected for every metal ion (Fig. 1) . In fact, six different MICs were found for cadmium and chromium. This fact suggests that moderately halophilic bacteria exert a very heterogeneous behavior in relation with their individual natural susceptibility levels to the 10 heavy metals tested in the present study. The strains of D. halophila were the most homogeneous of all the 238 strains since for more than 80% of them, the MICs of silver, arsenate, cobalt, mercury, and lead were the same, and for more than 70%, the MICs of cadmium, copper, and zinc were the same. In contrast, the strains belonging to the Acinetobacter sp. group seemed to be the most heterogeneous, since for only 80% of them were the MICs of arsenate and mercury the same. The response to the heavy metals tested should definitely not be used as a taxonomic feature in this group of moderately halophilic bacteria (Fig. 1) .
When standard metal concentrations were used in this study for defining a possible metal tolerance, it was found that the 24 strains belonging to the genus Acinetobacter were the most metal tolerant of all the 238 strains tested, with more than 70% of them demonstrating tolerance of eight different metal ions. The Flavobacterium sp. strains were the most metal sensitive, with only three markedly different metal tolerances (Cr, Ni, Pb) exhibited by more than 60% of the strains.
All the fresh isolates showed uniform tolerance of chromium, nickel, and lead and an equal sensitivity to silver and mercury. These results agree with those previously reported for V. costicola strains (7) , suggesting a general pattern of tolerance or sensitivity of moderately halophilic eubacteria to these heavy metals. However, V. costicola exhibited a higher sensitivity to copper and cobalt, and with respect to cadmium, the response was similar to that found for moderately halophilic cocci and the Flavobacterium sp. group. Onishi et al. (12) studied the cadmium tolerance of 41 strains of halophilic bacteria with different salt requirements, reporting that about half of the 31 moderate halophiles tested were cadmium tolerant. However, the concentration of cadmium chloride used by them to define metal tolerance was 50 ,uM/ml (0.23 mM); using our methods, only seven strains would have been scored as cadmium tolerant.
Several studies have demonstrated that metal toxicity can be heavily influenced by environmental factors such as pH, temperature, soluble organic matter, clay minerals, inorganic anionic and cationic components, etc. (2, 3, 6, 24) . Moreover, some constituents of common growth media show high binding activity for metal ions and, hence, may reduce the concentrations of free ions (16) . In the present study, we assessed the effect of salinity and yeast extract on the response of moderately halophilic bacteria to some of the heavy metals tested (Tables 3 and 4 ). When we tested the toxicity of these metals in a medium with lower salinity than the standard medium, a general enhancment of the cadmium toxicity for all the strains tested and, in some cases, of the cobalt and copper toxicities was observed. This could be due to osmotic cellular changes which result in a higher availability of the toxic ions for the bacteria or to the formation of complex metal species which exert higher toxicities than free metal cations. These results indicate that tolerances of cadmium, cobalt, and copper should be cautiously compared between moderately halophilic bacteria and marine bacteria.
However, increasing the salinity had only minimal effects. Decreased cadmium toxicity was observed in some strains of moderately halophilic rods, and decreased copper and nickel toxicities were seen for only two strains of cocci. These results partially agree with those reported by Onishi et al. (12) , who observed a reduction in the toxicity of cadmium in a moderately halophilic Pseudomonas sp. when the NaCl concentration was increased from 1 to 3 M. In contrast with the results of Babich and Stotzky (1) , no reduction in the toxicity of Zn was observed. However, the highest NaCl concentration tested by these authors was only 1 M.
A reduction in the concentration of yeast extract in the test medium caused a noteworthy increase in all metal toxicities, while a higher yeast extract concentration resulted in lessened toxicities of nickel and zinc and, for only some strains, the other three metals. Overall, these results are in agreement with previous reports that showed the influence of different components of the culture media on the availability of the toxic heavy-metal ions for the microbes (16) . Thus, some important components of commonly used media such as peptone, tryptone, yeast extract, and Casamino Acids (Difco) share a high binding power to different metal ions and, hence, can prevent their toxicity (2, 4, 6) . Indeed, it has been shown that copper is modified in the presence of agar (5), although currently no alternative procedures have been adapted by the scientific community. Nevertheless, it seems clear that the concentration of yeast extract in the test media must be carefully taken into account for future comparison purposes, at least in the group of moderately halophilic eubacteria.
